ABSTRACT: Two-dimensional infrared (2D IR) vibrational echo spectroscopy was used to measure the fast dynamics of two variants of chicken villin headpiece 35 (HP35). The CN of cyanophenylalanine residues inserted in the hydrophobic core were used as a vibrational probe. Experiments were performed on both singly (HP35-P) and doubly CN-labeled peptide (HP35-P 2 ) within the wild-type sequence, as well as on HP-35 containing a singly labeled cyanophenylalanine and two norleucine mutations (HP35-P NleNle). There is a remarkable similarity between the dynamics measured in singly and doubly CN-labeled HP35, demonstrating that the presence of an additional CN vibrational probe does not significantly alter the dynamics of the small peptide. The substitution of two lysine residues by norleucines markedly improves the stability of HP35 by replacing charged with nonpolar residues, stabilizing the hydrophobic core. The results of the 2D IR experiments reveal that the dynamics of HP35-P are significantly faster than those of HP35-P NleNle. These observations suggest that the slower structural fluctuations in the hydrophobic core, indicating a more tightly structured core, may be an important contributing factor to HP35-P NleNle's increased stability.
INTRODUCTION
One of the most difficult challenges in current biophysics is to accurately characterize the dynamics of proteins on fast time scales pertinent to their structure, stability, and function. Many endeavors in computational and experimental research groups have been geared toward this goal using a variety of methods.
1−3 Two-dimensional infrared (2D IR) vibrational echo spectroscopy is one such technique that possesses a unique ability to measure dynamics of proteins on the picosecond time scale under thermal equilibrium conditions. 4 Although it is generally believed that flexibility and dynamics play important roles in protein stability, 5−7 no direct measurement has been made to establish their relationship on a time scale of picoseconds. In this work, 2D IR vibrational echo spectroscopy was used to examine the relationship between the stability and ultrafast dynamics of the chicken villin headpiece 35 (HP35) using as vibrational probes CN groups inserted by substitution of phenylalanine residues with cyanophenylalanine.
HP35 is a small subdomain of the F-actin-binding protein villin that serves the biophysical research community as a bridge between computational and experimental studies. 8−11 Even though it is a relatively small peptide consisting of only 35 amino acids, HP35 has many characteristics associated with larger proteins. For example, it folds autonomously, has a hydrophobic core that stabilizes its tertiary structure, and has substantial structural resistance to various point mutations. 12, 13 Furthermore, it is one of the fastest-folding peptides known, which makes it an attractive target for atomistic molecular dynamics simulations 14, 15 and corroborating experimental methods, including FRET, 16 fluorescence, 12 mid-IR T-jump 17 spectroscopy, and triplet−triplet energy transfer. 18, 19 Experimental examination of HP35 using ultrafast 2D IR spectroscopy is a more recent development, accelerated in part due to the realization that nitrile (CN) groups can be easily attached to the peptide to introduce a site-specific molecular oscillator to act as a vibrational dynamics label (VDL). 20−22 In 2D IR studies of proteins, a good VDL would be sensitive to global structural changes of the proteins, while its perturbation on the structure and function would be minimal. The CN group has been actively pursued as a candidate for a VDL in biological systems owing to minimal perturbation, sensitivity to local electric field, and IR absorption in a relatively uncongested region of the mid-IR spectrum. 21, 23 Research that has utilized CN as the VDL include linear vibrational spectroscopy 24 and 2D IR spectroscopy. 21, 25, 26 HP35 has been shown to be particularly amenable to the incorporation of a CN VDL because cyanophenylalanine may be introduced during standard solid-state synthesis of the peptide. In this work, HP35 variants with one (HP35-P) and two (HP35-P 2 ) cyanophenylalanines in the hydrophobic core were studied. It was found that, within experimental error, the dynamics of the two peptides measured by 2D IR experiments are the same. This result indicates that the substitution of phenylalanine with cyanophenylalanine is a very mild perturbation of the system. In addition, the CN VDL was used to measure the ultrafast dynamics of HP35 and its fast-folding mutant, HP35 NleNle, to investigate the relationship between dynamics and stability.
EXPERIMENTAL PROCEDURES
2.1. Sample Preparations. The peptides used in this study were prepared via solid-state peptide synthesis (Stanford Protein and Nucleic Acid Facility), with incorporation of p-cyano-L-phenylalanine (F CN , Peptech) at residue Phe58 or at both residues Phe58 and Phe47. Figure 1 shows a structural representation of HP35-P from MD simulations with a single CN label on Phe58. The peptides sequences are L 42 SDEDFKAVFGMTRSAF CN ANLPLWKQQHLKKEKGLF 67 for HP35-P and L 42 SDEDFKAVFGMTRSAF CN ANLLWnLQQHLnLKEKGLF 67 for HP35-P NleNle (nL represents norleucine). The peptides were purified by HPLC, and their purity was checked by ESI mass spectrometry. For the IR experiments, the peptides were dissolved in 50 mM sodium acetate buffer (pH 4.0) at a concentration of approximately 7 mM and sandwiched between two IR-transparent calcium fluoride windows with 25 μm Teflon spacers. This resulted in a CN stretching absorbance of 5 mOD at 2235 cm −1 . For CD experiments, the peptide concentration was 50 μM dissolved in the same solvent and in a 1 mm path length quartz cell.
All of the experiments, time independent and time dependent, were conducted at 24°C.
2.2. FT-IR and CD Spectroscopy. Absorption spectra were obtained with a Nicolet 6700 FT-IR spectrometer (Thermo Scientific) with 1 cm −1 resolution. The spectra of solvents were also collected for background subtraction, after which baselines were corrected by cubic spline. Circular dichroism (CD) spectra were measured in the far-UV region (200−250 nm, Jasco J810) at 1 nm resolution. The unfolding of the peptide was monitored at 222 nm.
2.3. 2D IR Vibrational Echo Spectroscopy. Detailed descriptions of the experimental methods 27 and conditions 21 for 2D IR vibrational echo experiments are provided elsewhere. In the experiments, 160 fs pulses at 1 kHz repetition rate with the transform-limited Gaussian spectrum (fwhm 90 cm −1 ) centered at the CN absorption frequency, 2235 cm −1 , were used. Three focused excitation pulses, each about 1.2 μJ in energy, are crossed in the sample. The time between pulses 1 and 2 is called τ, and the time between pulses 2 and 3 is called T w . The time-ordered interactions of the three pulses with the CN vibrational oscillators give rise to a fourth pulse, the vibrational echo, which emerges from the sample in a unique direction. The vibrational echo pulse is overlapped with another pulse, the local oscillator (LO), which is fixed in time. As τ is scanned, the echo pulse moves in time across the fixed LO pulse. Interference between the vibrational echo pulse and the LO produces a temporal interferogram which provides phase information necessary for Fourier transformation. The combined vibrational echo and LO wave packet is frequency-resolved in a monochromator used as a spectrograph. A 32-pixel HgCdTe array detector records the spectrum. Taking the spectrum provides one of the two Fourier transforms necessary to obtain the 2D IR spectrum. It yields the vertical ω m axis of the 2D IR spectrum. Scanning the time between pulses 1 and 2 produces a temporal interferogram at each of the ω m frequencies. Numerical Fourier transformation of these interferograms yields the horizontal ω τ axis of the 2D IR spectrum. For a fixed T w , τ is scanned, and a 2D IR spectrum is obtained. Then T w is changed, and another spectrum is obtained. The changes in the 2D band shapes with T w provide information on the time dependence of the peptide's structural fluctuation.
2D IR experiments measure the time evolution of the CN vibrational stretching frequency within the inhomogeneous distribution of vibrational frequencies reflected in the CN absorption spectrum. The theory and interpretation of 2D IR experiments have been described previously. 4, 27 For each sample, 2D IR spectra are obtained as a function of waiting time, T w . During T w , the peptide structure undergoes conformational fluctuations, which cause the CN frequencies to evolve within the distribution of frequencies that comprise the inhomogeneous absorption spectrum. The evolution in frequencies of the CN vibrational oscillators is called spectral diffusion. The time dependence of the spectral diffusion, which is caused by the structural evolution of the peptide, is calculated from the timedependent shape of the 2D IR vibrational echo spectra. The faster the peptide samples different conformations, the faster the 2D line shape changes. A robust method for calculating the spectral diffusion from the 2D IR spectra using the center line slope (CLS) formalism has been reported. 28, 29 The CLS is closely related to the frequency− frequency correlation function (FFCF). The spectral diffusion is described by a FFCF, which is the connection between the experimental observables and the underlying dynamics of the peptide. 28, 29 The CLS is essentially the normalized FFCF with the offset from 1 at T w = 0 determined by the homogeneous component of the dynamics (see below). Combining the CLS data and the IR absorption line shape permits the determination of the FFCF. 28, 29 The CLS also provides a convenient method of displaying and comparing the time-dependent structural dynamics of the peptides.
The FFCF is modeled with a multiexponential function,
where Δ i (rad/s) is the amplitude of the ith component of the frequency fluctuation and τ i is the associated time constant. The static term Δ s represents the contribution to the CN frequency distribution that arises from the peptide structural fluctuations that are so slow that they fall outside the experimental time window, which is determined by the vibrational lifetime of the CN stretching mode. If Δτ < 1, this component of the frequency fluctuations is motionally narrowed (homogeneous broadening), and Δ and τ cannot be determined separately. The motionally narrowed homogeneous contribution to the absorption spectrum has a pure dephasing line width given by Γ* = Δ 2 τ = 1/π 2 *, where T 2 * is the pure dephasing time. The homogeneous line width is dominated by pure dephasing, but the observed homogeneous dephasing time, T 2 , also has contributions from the vibrational lifetime,
(2) Figure 1 . Structural representation of HP35-P. Phe58 has a CN functional group that serves as the vibrational probe. Two other phenylalanine residues participating in the aromatic stacking in the hydrophobic core are shown. Lys65 and Lys70 are highlighted in orange.
where T 2 * and T 1 are the pure dephasing time and the vibrational lifetime, respectively. The total homogeneous line width is then Γ = 1/ πT 2 . The vibrational lifetime was measured with an IR pump−probe experiment, T 1 = 4.5 ps. For the experiments discussed below, the homogeneous component, a single exponential decay term, and the static term are sufficient to fit the data.
3. RESULTS AND DISCUSSIONS 3.1. Influence of Nitrile Labeling on Peptide Dynamics. An important question is how much does the labeling with CN influence the properties, particularly the dynamics, of the HP35 peptide? The CN of an artificial amino acid, cyanophenylalanine, was used as the VDL. HP35-P has been studied by Glasscock et al. using FRET 16 and by Urbanek et al. with 2D IR experiments. 26 The dynamics of guanidiniumunfolded HP35-P 2 , the wild-type HP35 sequence with two CN labels (Phe47Phe CN /Phe58Phe CN ), have been investigated using 2D IR vibrational echoes as well. 21 In all these works it was suggested that the overall structure of the peptides is not significantly altered as the result of the incorporation of CN labels in the hydrophobic core.
We cannot compare HP35 to HP35-P by infrared methods because HP35 does not have a VDL. However, we can compare HP35 with a single cyanophenylalanine, HP35-P, and one with two cyanophenylalanines, HP35-P 2 . (In a previous publication, HP35-P 2 was called HP35-(CN) 2 . 21 ) In HP35-P 2 , there are two CN labels, one at Phe47 and another at Phe58. Comparison of HP35-P and HP35-P 2 can provide information on whether the insertion of the CN groups affects the peptide's properties. Figure 2 shows the FT-IR absorption spectra of the CN stretch of HP35-P and HP35-P 2 . The inset shows the spectrum of HP35-P 2 before background subtraction. The nitrile absorption is a small feature on top of a very large water sloping background. To obtain the spectra shown in the main part of Figure 2 requires subtraction of the large background, which can introduce small errors in the line shape. Therefore, within experimental error, the two absorption spectra are the same. In addition, 1D H 1 NMR downfield chemical shifts and the results of 2D NOESY, COSY, and HSQC are consistent with the picture that the environments experienced by the two CN groups are virtually identical. (The NMR results are presented in detail in the Supporting Information.) The examination of the peptide structure (PDB 1YRF) supports the same conclusion as the NMR studies, as Phe47 and Phe58 are next to each other to form tight aromatic stacking, and the CN groups on each phenyl rings would occupy similar positions in the hydrophobic core. Figure 3 shows the CLS data for HP35-P (blue circles) and for HP35-P 2 (black circles). The CLS for HP35-P 2 was analyzed in the same manner as HP35-P although there are two VDLs contributing to the signal. CLS analysis of a 2D spectrum with two VDLs has been treated in detail theoretically. 30 For the case when the two absorption spectra are the same, the CLS for two VDLs is the average of their CLS. If adding a second cyanophenylalanine changed the peptides dynamics, then the observed CLS would reflect the change. As can be seen from the figure, within experimental error, the two sets of data are identical. Therefore, adding a second cyanophenylalanine does not change either the absorption spectrum or the structural dynamics. This is in contrast to the substitution of two lysine residues by norleucines, which does have a substantial influence on the structural dynamics as well as a change in the CN absorption peak position (see below). Going from one CN VDL to two CN VDLs has little or no effect on the structure as indicated by the spectra in Figure 2 and on the dynamics, as shown by the CLS data in Figure 3 . These results suggest that going from no CN VDL to one CN VDL will cause only small perturbations of the peptide's structure and dynamics. The comparison of HP35-P and HP35-P 2 is the first time that such an assessment has been made. These results are important because they suggest that in larger proteins, CN VDLs will produce only small changes to the protein's structure and dynamics.
3.2. Influence of Mutation on Peptide Dynamics. Two HP35 variants with a single CN label were compared. They are wild-type HP35 with the CN label at Phe58 (HP35-P), and the double norleucine mutant (Lys65Nle/Lys70Nle) with the CN label at the same position (HP35-P NleNle). HP35 NleNle is a product of efforts to engineer a fast folding peptide.
12,31 Clues for mutating Lys65 and Lys70 to Nle came from highresolution X-ray crystal structures, which showed charged lysine groups buried inside the hydrophobic core of HP35. The peptide with a double norleucine mutation, Lys65Nle/ Lys70Nle, was shown to fold 2.6 times faster with a folding time of 0.7 μs and to be more stable by 4 kJ/mol compared to the wild type. 31 The increased stability and folding rate are thought to originate from the combined effects of reduced unfavorable electrostatic clashing inside the hydrophobic core by the removal of the charged lysine residues and the destabilization of the unfolded state by introducing waterinsoluble residues in the peptide sequence. 31 While both factors likely contribute to the stability of HP35 NleNle, it is difficult to separate one effect from another to determine the basis of stability. Measuring the structural dynamics of HP35-P and HP35-P NleNle can provide insights into the origin of stability. The CN VDL is sensitive to local as well as global structure and structural fluctuations as discussed below. 32 In both peptides, the VDL is in the interior hydrophobic core.
The stability difference between wild-type HP35 and HP35 NleNle was measured using temperature-dependent CD at pH 4.8.
11, 31 The current experiments were conducted at pH 4 to give sufficient solubility for the 2D IR experiments and the two types of peptides each have a CN label. Given the pK a values of the two glutamic acids and the two aspartic acids in the peptide, the lower pH has a major effect on the protonation of these acidic amino acids. To see whether at pH 4 HP35-P NleNle has a similar increase in stability compared to HP35-P as previously observed for the unlabeled peptides, temperature-dependent CD experiments were obtained and displayed in Figure 4 for HP35-P (blue curve) and HP35-P NleNle (green curve). The CD signal was monitored at 222 nm to follow changes in the alpha helical content, and two-state model fits yielded T m values of ∼45 and ∼62°C for HP35-P and NleNleHP35-P, respectively. Both samples show apparent sigmoidal transitions, with the HP35-P NleNle being significantly more stable than HP35-P. The difference of ∼17°C between the two curves shown in Figure 4 is almost the same as those obtained previously for HP35 and HP35-P NleNle at pH 4.8, ∼20°C
. 11, 31 Therefore, the increase in stability of HP35 NleNle compared to HP35 is preserved for HP35-P NleNle compared to HP35-P at pH 4. Figure 5 displays normalized linear absorption spectra of the CN stretch of HP35-P (blue) and HP35-P NleNle (green). Each curve is the average of measurements on three samples. The center frequencies of the CN absorptions are 2233.8 ± 0.2 and 2233.0 ± 0.2 cm −1 for the wild type and the norleucine mutant, respectively. Both bands have the full width at halfmaximum (fwhm) of 13.5 ± 0.2 cm −1 . Red shifts in the frequencies of aromatic CN absorptions are often associated with the CN being in more hydrophobic environments. 22, 33 Then, the small red shift of HP35-P NleNle may be due to the double norleucine mutation, which renders the interior of the hydrophobic core even more hydrophobic.
2D IR vibrational echo spectra of HP35-P (top panels) and HP35-P NleNle (bottom panels) are shown in Figure 6 . Only the portion of the spectrum arising from the vibrational ground state and first excited state are shown. At short T w (0.4 ps) the bands are more elongated than at longer T w (4 ps). The change in shape is the signature of spectral diffusion caused by structural fluctuations of the peptides. Note that the change in shape of the HP35-P spectrum (top panels) is greater than the change in the HP35-P NleNle spectrum (bottom panels). This difference indicates that structural dynamics are slower in HP35-P NleNle than in HP35-P. Figure 7 shows the CLS data from the 2D IR experiments for HP35-P (blue) and HP35-P NleNle (green). Each point in the CLS plot represents the average of three experimental repetitions performed on three separately prepared samples. The error bars on the points are the equivalent of those shown for the blue circles in Figure 3 . The CLS curves do not decay to zero because data collection is limited by the vibrational lifetime of the CN stretch (4.5 ps). It is evident from Figure 7 that the dynamics of HP35-P NleNle accessed in the time window of the experiment are substantially slower than those of HP35-P. The FFCF parameters are given in Table 1 . The homogeneous line width, Γ*, and the homogeneous pure dephasing time, T 2 *, are identical within experimental error for HP35-P NleNle and HP35-P. The major difference in the dynamics of the two peptides is the decay time, τ 1 , which is associated with the spectral diffusion that occurs within the experimental time window. With the double norleucine mutation, the spectral diffusion decay time is 7 ps compared to the 2 ps for HP35-P. Thus, the dynamics at short time are substantially slower for the mutant. In addition, there are small differences in the amplitude factors, Δ 1 and Δ s . For HP35-P NleNle, Δ s is somewhat bigger and Δ 1 is somewhat smaller than the corresponding values for HP35-P. Because the homogeneous linewidths and the absorption line widths (see Figure 5 ) are the same, an increase in Δ s and a decrease in Δ 1 for HP35-P NleNle compared to HP35-P indicate a shift of some of the structural dynamics to longer times. Therefore, the spectral diffusion time associated with fast structural fluctuation for HP35-P NleNle is slower, and a larger fraction of the structural dynamics is shifted to the slow time scale outside of the experimental window compared to the corresponding components found for HP35-P. The result is an overall shift of the dynamics, those that are observed and those that are too slow to observe to longer times.
The spectral diffusion shown by the CLS curves in Figure 7 reflect sampling of the conformational structures that give rise to the IR absorption spectra. If the experiments could be conducted to much longer times, the CLS curves would decay to zero because on some time scale all conformations will be sampled. Here, only a portion of all possible structures are sampled in the experimental time window. For HP35-P, approximately 70% of the states that give rise to the absorption line are sampled, while for HP35-P NleNle approximately 50% are sampled. Although the time window is short, in both cases a significant fraction of the structural configurations that give rise to the absorption spectrum are sampled.
To put the differences reflected by the curves in Figure 7 into perspective, it is useful to discuss 2D IR vibrational echo experiments and simulations of other proteins. Detailed 2D IR studies of myoglobin with CO attached at the active site (Mb-CO) and several Mb-CO mutants have been performed 34 and simulations have been used to explicate the data. In these experiments, CO is the VDL. In myoglobin and myoglobin mutants such as L29I-CO and a double mutation, T67R/S92D-CO, there are two prominent bands in the in the IR absorption spectrum. Loring and co-workers have been quite successful in simulating the spectral diffusion of both Mb-CO and T67R/ S92D-CO. The simulations show very good agreement with the vibrational echo experiments. 35 In the simulations, the CO is coupled to the fluctuating protein structure through Stark coupling. In the simulations, the electric field from the entire protein and solvent is determined along the CO bond. Then, the electric field-electric field correlation function is calculated. When this correlation function is multiplied by a Stark coupling constant, the result is the FFCF.
There are two facts from simulations that are important to the work presented here. First, for Mb-CO, the Stark coupling constant necessary to reproduce the spectroscopic data agrees with the experimental value. 34 Second, to determine the origin of the fluctuations that give rise to the experimental spectral diffusion described by the FFCF, the simulation of the protein was divided into concentric shells. It was found that there are contributions to the spectral diffusion from the entire protein.
The CO VDL measures global fluctuations in addition to very local contributions.
Additional insight into the origin of the measured spectral diffusion comes from a study of the mutant H64V-CO. In this mutant, the distal histidine is replaced by a valine. Removing the distal histidine, which is in the heme pocket and has strong interactions with the CO, collapses the two IR spectral peaks into a single peak. The single peak is shifted substantially to higher frequency and its absorption spectrum is much narrower. In addition, the vibrational echo experiments reveal slower spectral diffusion. The conclusion is that a significant portion of the inhomogeneous line of Mb-CO comes directly from very local interactions with the distal histidine, and some of the fast structural fluctuations that give rise to the measured spectral diffusion come from motions of the distal histidine. However, in the absence of the distal histidine, there is still substantial inhomogeneous broadening and spectral diffusion, which arise from the non-local coupling of the protein motions to the CO.
Recently it has been shown that the same fluctuating electric field model applies to CN as a VDL. The protein, RNase-S was labeled with a CN, and 2D IR experiments were used to determine the spectral diffusion and the FFCF. 36 Detailed simulations came relatively close to reproducing the FFCF. The important aspect of RNase-S simulations is that the Stark coupling constant that related the electric field-electric field Figure 7 . CLS decay data for HP35-P (blue circles) and HP35-P NleNle (green triangles). The data show clearly that the structural dynamics of the mutant HP35-P NleNle are significantly slower than those of HP35-P. Table 1 . FFCF Parameters
HP35-P NleNle 3.8 ± 1.2 2.8 ± 0.8 6.9 ± 2.4 2.9 ± 0.3 3.5 ± 0.3 HP35-P 3.8 ± 0.7 2.8 ± 0.5 2.0 ± 0.5 3.4 ± 0.2 3.0 ± 0.2 HP35-P 2 3.8 ± 0.3 2.8 ± 0.25 2.2 ± 0.3 3.7 ± 0.1 2.7 ± 0.1 correlation function to the FFCF and the spectroscopic observables was again close to the value measured on an aromatic nitrile with static Stark spectroscopy. The Stark constant needed to get the best agreement with the RNase-S experiments was only ∼10% off from the measured value. Therefore, it is reasonable to take the Stark coupling mechanism to be appropriate for nitrile probes. The results outlined briefly above can explain the results obtained in this study comparing HP35-P to HP35-P NleNle. In contrast to the major changes in the absorption spectrum in going from Mb-CO to H64V-CO, going from HP35-P to HP35-P NleNle produces no dramatic changes in the FT-IR absorption spectrum. There is a small shift, but of more importance, as the two line shapes are virtually identical. The lack of change of the line width indicates that there is no substantial change in local interaction with the CN in the mutant peptide. Therefore, like H64V-CO, which lacks the strong local contribution to the inhomogeneous line and dynamics, the inhomogeneous broadening and the dynamics of HP35-P to HP35-P NleNle have substantial global contributions. The fact that the inhomogeneous lines have the same widths suggests that the range of structures that give rise to the absorption line shape are very similar.
The 2D IR experiments show that the homogeneous line widths are the same within experimental error. As discussed above a greater fraction of the structural states of HP-35P are sampled on the very fast time scale compared to HP35-P NleNle, ∼70% vs 50%. Based on the discussion given immediately above, the states that are sampled involve global motions of the peptide, near and far, rather than only very local fluctuations. One possible explanation for the observed differences in dynamics is that the stability of HP35-P NleNle originates in part from better packing of the hydrophobic core, which in turn affects the dynamics of the entire peptide. The double mutant is more thermally stable than HP35-P as shown by the temperature-dependent CD curves, and it also folds faster as demonstrated by both simulations and experiments. 10, 11 Now we see that the double mutant has significantly slower equilibrium structural fluctuations on the fast time scale accessed by the experiments and a larger percentage of configuration sampling is pushed out to longer time scales. The greater thermal stability is associated with a deeper free energy minimum for the folded double mutant. 3, 37 The slowing of the structural fluctuations of the folded double mutant peptide indicates a rougher energy landscape with deeper local structural minima for those structures that are sampled fast. At least on the fast time scale, HP35-P might be thought of as having greater conformational flexibility than HP35-P NleNle. The inverse relationship between conformational flexibility and thermal stability has been previously studied using other experimental methods, such as NMR 5, 38 and neutron scattering, 6, 7 and hydrogen/deuterium exchange.
39,40
CONCLUDING REMARKS
The influence of adding a CN as a vibrational label to HP35 using the artificial amino acid cyanophenylalanine was investigated. HP35-P with one cyanophenylalanine was compared to HP35-P 2 having two cyanophenylalanines. Both the absorption spectra and the dynamics measured by the 2D IR experiments were identical within experimental error. Therefore, the additional CN group causes at most a very small perturbation of the structure and the dynamics of HP35-P. These results suggest that CN used as a vibrational label should cause little perturbation of larger proteins. In this work, the fast structural dynamics of HP35-P and its fast-folding mutant HP35-P NleNle were compared using 2D IR vibrational echo experiments on the CN stretch of cyanophenylalanine inside the peptides' hydrophobic cores. Vibrational absorption and CD spectroscopies were used to monitor changes to the structure and stability of the peptides. On the fast time scale investigated in the experiments, substantially slower dynamics were observed for HP35-P NleNle, which has two charged amino acids in the hydrophobic core replaced by nonpolar amino acids. The mutation produces a more stable peptide as evidenced by the temperaturedependent CD spectra for the CN-labeled peptides reported here, which is consistent with previous CD measurements for the unlabeled peptides. 11, 31 The slowing of the fast structural fluctuations of the mutant indicates deeper wells separating the fast interconverting structures. While the limited time range of the 2D IR experiments prevents the observation of the interconversion among all structures, a non-negligible fraction of the conformations that give rise to the absorption line are observes, ∼70% for HP35-P and ∼50% for HP35-P NleNle. The results suggest that the increased stability of the mutant and its faster folding have a substantial contribution from changes in the structure of the folded peptide. The data presented on HP35-P and HP35-P NleNle are appropriate targets for MD simulations given the small size of the peptides and the short time scale of the measurements.
